appears to constitute a key mechanism for regulation of IAV internalisation and 13 infection. 14 Influenza A virus (IAVs) is an enveloped virus with a segmented negative-strand RNA 15 genome, which infects a wide variety of birds and mammals. IAV infection is a complex, 16 multistep process. In the initial step (adsorption), the virus attaches to a host cell through 17 binding of its major surface protein, haemagglutinin (HA), to sialylated cell surface proteins. 18
dominant negative form of Eps15, knockdown of Epsin1 nor the introduction of monoclonal 1 antibodies to clathrin was found to inhibit IAV infection 3, 5, 6 . In addition, viruses have been 2 found to enter cells simultaneously via noncoated pits as well as via clathrin-coated pits 5 . 3
Nevertheless, the mechanism of this alternative means of cell entry exploited by influenza 4 viruses has remained unclear. 5 We recently showed that Ras-phosphoinositide 3-kinase (PI3K) signalling in the host cell 6
regulates IAV internalisation 7 . The binding of Ras to PI3K and subsequent PI3K activation in 7 endosomes regulate clathrin-independent endocytosis (CIE) and IAV internalisation by this 8 route. We now investigate the mechanism of Ras activation by IAVs and identify Ca 2+ as a 9 mediator of this event. Moreover, we show that Ca 2+ signalling plays an indispensable role in 10 IAV infection, not only through control of CIE via Ras activation, but also through that of 11 CME via mobilisation of a novel positive feedback circuit consisting of RhoA, Rho-kinase 12 (ROCK), phosphatidylinositol 4-phosphate 5-kinase (PIP5K), phospholipase C (PLC) and 13 Ca 2+ per se. 14 RESULTS 
15
Ras activation by IAVs is mediated by intracellular Ca 2+ 
16
To explore the mechanism by which Ras is activated during IAV infection, we first examined 17 whether intracellular Ca property did not appear to be restricted to a particular viral strain. 5 We further found that Ras activation by IAVs was abolished by chelation of intracellular 6 Ca 2+ with BAPTA-AM, as revealed with both a FRET-based Ras activation sensor 12 and a 7 pull-down assay ( Fig. 1d-g ). In addition, the extracellular Ca 2+ chelator EGTA also inhibited 8 both Ras activation and [Ca 2+ ] i increase by IAVs ( Fig. 1 e-g ), demonstrating the requirement 9 for extracellular Ca 2+ in these phenomena. On the other hand, immunoblot analysis with two 10 different antibodies specific for phosphotyrosine (clones 4G10 and PY20) revealed no 11 substantial differences in the tyrosine phosphorylation status of cellular proteins between 12 RasGRPs) [17] [18] [19] was a plausible candidate for mediating Ras activation by IAVs, given that this 24 class of GEFs not only is activated by Ca 2+ but also participates in the regulation of Ras in 25 endomembrane compartments including the Golgi apparatus 20 . Expression of the EF-C1 26 3a; Supplementary Fig. S6a ), and no marked activation of Cdc42 by IAVs was observed with 1 pull-down (Fig. 3c) or FRET (Supplementary Fig. S7c ) assays. These results thus indicate that 2 Cdc42 is dispensable for influenza virus infection. 3 We also examined the effects of exogenous RhoA or Rac1 expression on endocytosis in 4 MDCK cells. The uptake of both transferrin and dextran was enhanced by wild-type RhoA 5 and inhibited by its dominant-negative mutant (Fig. 3g,h ), indicating that RhoA promotes 6 both CME and CIE. On the other hand, Rac1 expression affected only the uptake of dextran 7 (Fig. 3g,h ), suggesting that Rac1 regulates CIE but not CME, consistent with previous 8 observations 34, 35 . We examined the molecular hierarchy among RhoA, Rac1, and Ras. 9
Activation of Rac1, but not that of RhoA, was inhibited by expression of a dominant-negative 10 form (N17) of H-Ras ( Fig. 3f,i; Supplementary Fig. S7d ). Furthermore, expression of the 11 dominant-negative form of RhoA suppressed IAV-dependent Ras activation, whereas that of 12 the dominant-negative form of Rac1 did not (Fig. 3j) 38 . We 2 examined the role of PIP5K in the regulation of CME and CIE with the use of MEFs isolated 3 from wild-type and PIP5Kα-deficient (PIP5K -/-) mice 39 . The uptake of both transferrin and 4 dextran was reduced in PIP5K -/-MEFs compared with that in wild-type cells (Fig. 5a,b) , as 5 were the internalisation (Fig. 5c ) and progeny production of IAVs (Fig. 5d) . Furthermore, 6
virus-dependent [Ca 2+ ] i oscillations were reduced in frequency and delayed in 7 PIP5K-deficient cells, compared with those in wild-type cells (Fig. 5e-h ). 8
Next, we examined whether IAVs and RhoA indeed activated PIP5K. PIP5K is reported to 9 be tyrosine-phosphorylated and unphosphorylated in its inactive and active forms, 10 respectively, the difference between which can be distinguished by the electrophoretic 11 mobility shift 40 . The slower migrating fractions of PIP5K were decreased upon PR8 infection 12 in a time-dependent manner ( Supplementary Fig. S9a ), and by expression of wild type and the 13 activated mutant of RhoA, whereas its dominant-negative mutant failed to do so 14 ( Supplementary Fig. S9b ). In addition, both PR8 and wild-type RhoA promoted the 15 translocation of PIP5K from the cytoplasm to the plasma membrane and the Golgi 16 ( Supplementary Fig. S9c ), where PIP5K is known to be activated 41 , whereas expression of 17 dominant-negative form of RhoA suppressed PR8-induced PIP5K translocation. Furthermore, 18
RhoA-dependent Ca 2+ oscillations were substantially suppressed in PIP5K -/-cells (Fig. 5i) Fig.  24 S10a,b). Moreover, whereas BAPTA-AM suppressed RhoA-induced Ca 2+ oscillations, 25 Y-27632 failed to do so (Fig. 6a,b) , even though it disrupted the organisation of actin stress 26 fibres ( Supplementary Fig. S10c ). These results thus suggested that the kinase activity of 27 ROCK is dispensable for endocytosis and RhoA-induced Ca 2+ signalling. Instead, CIE 28 appeared to be inhibited by excess activation of ROCK, given that Y-27632 reversed the 1 inhibitory effect of the constitutively active mutant of RhoA on dextran uptake 2 ( Supplementary Fig. S10d ). RhoA has been shown to interact directly with PIP5K irrespective 3 of the bound nucleotide 41, 44 . To further confirm the requirement for activated RhoA in 4 IAV-dependent Ca 2+ signalling, we made use of the Rho-binding domain (RBD) of ROCK1, 5 which, through the trapping of GTP-RhoA, exerts a dominant-negative effect on its 6 downstream effectors including ROCK 45 . Expression of the RBD suppressed virus-dependent 7
and RhoA-dependent Ca 2+ oscillations (Fig. 6c,d ), endocytic activity ( Supplementary Fig.  8 10e,f) as well as virus infection and internalisation ( Fig. 6e,f; Supplementary Fig. S10g ). 9
These results indicated that RhoA mediates virus-evoked signalling in a manner dependent on 10 its binding of GTP. 11
We then revisited the relevance of ROCK to GTP-RhoA-mediated PIP5K activation by 12 depleting MEFs of endogenous ROCK through transfection with specific siRNAs. The 13 knockdown efficiencies for ROCK1 and ROCK2 with corresponding siRNAs were ~70 and 14 ~30%, respectively ( Supplementary Fig. S11a,b) . Knockdown of ROCK1 or ROCK2 alone 15 resulted in partial inhibition of both IAV-and RhoA-dependent Ca 2+ oscillations, whereas the 16 simultaneous knockdown of both proteins resulted in almost complete inhibition ( Fig. 6g,h ; 17 Supplementary Fig. S11c ). Consistent with these results, knockdown of ROCK1 or ROCK2 18 alone had a minimal effect on IAV infection, whereas simultaneous depletion of both ROCK 19 isoforms effectively reduced infection (Fig. 6i ). ROCK1 and ROCK2 thus participate in 20
RhoA-mediated PIP5K activation and IAV infection in a manner independent of their kinase 21 activity. This conclusion was further confirmed by the observation that expression of 22 wild-type human ROCK1 or a kinase-defective mutant thereof restored IAV infection and 23 internalisation in MEFs depleted of endogenous ROCK1 and ROCK2 (Fig. 6j,k) RhoA (Fig. 7b) . Furthermore, U73122 prevented IAV internalisation (Fig. 7c) , and similar 6 inhibitory profiles could be observed when another PLC inhibitor edelfosine 46, 47 was utilized 7
( Supplementary Fig. S12a,b) . In addition, these reagents dramatically inhibited peripheral 8
RhoA activation by PR8 ( Fig. 7d; Supplementary Fig. S12c ; compare with Fig. 3d and  9 Supplementary Fig. S6c ). Together, our results thus suggest that the positive feedback loop 10 between Ca 2+ and RhoA, which is mediated by ROCK, PIP5K and PLC, governs both CME 11 and CIE, with the latter being regulated by the CalDAG-GEF-Ras-PI3K-Rac1 pathway (Fig.  12   8 ). This signalling network provides an acceptor system of host cells for IAV internalisation, 13 through which IAVs, indeed, activate both CME and CIE to produce a favourable 14 circumstance for their entry ( Supplementary Fig. S13a,b shown that PI3K is required for CIE and influenza virus infection 7, 22 , and Epsin1 has been 20 found to be required for virus internalisation via CME 5 . However, the molecular mechanisms 21 by which influenza viruses exploit CIE and CME for their efficient internalisation by host 22 cells have remained unclear. We now unveil the host cell machinery, consisting of 23
-RhoA-ROCK-PIP5K-PLC and CalDAG-GEFs-Ras-PI3K-Rac1, that contributes this 24 phenomenon (Fig. 8) . 25 Intracellular Ca 2+ has previously been implicated in IAV infection 48, 49 , with Ca 2+ having 26 been thought to play a role in the late stage of infection. For instance, Ca 2+ acting through 27 calmodulin is required for the transcription and replication of IAV genes 48, 49 , with inhibition 28 of such Ca 2+ action being expected to attenuate viral mRNA replication in the nucleus. 1
Consistent with this notion, we found that BAPTA-AM treatment during the late stage of IAV 2 infection inhibited the generation of progeny viruses, albeit less efficiently than that during 3 the early stage. However, we have also unveiled a hitherto unknown function of Ca 2+ in IAV 4 internalisation through the regulation of CME and CIE. Indeed, Ca 2+ oscillations were 5 observed immediately after exposure of cells to the virus. Although the precise mechanism by 6 which IAVs induce [Ca 2+ ] i elevation remains obscure, the elimination of Ca 2+ signalling by 7
BAPTA-AM resulted in almost complete inhibition of virus internalisation. In addition to this 8 central role of Ca 2+ in IAV infection, Ca 2+ is also implicated in apoptosis of cells infected by a 9 highly pathogenic H5N1 virus 50 , suggesting that the development of agents that target Ca Although growing evidence implicates Ca 2+ in RhoA signalling [54] [55] [56] , little has been 24 reported about the factor articulating these two molecules. The activity of small GTPases is 25 regulated by the balance between the activities of GEFs and GTPase-activating proteins 26 (GAPs). A myriad of the regulators have been identified over the last decades and the largest 27 family of RhoGEFs is comprised of the Dbl family RhoGEFs with 70 human members 57 . 28
Coupled with the redundancy in substrate recognition across the GEF family 58 , the diversity 29 and complexity of GTPase regulation may have prevented us from narrowing down the focus 1 to definitive candidates. In fact, as far as we are aware, PDZ-RhoGEF (ARHGEF11) is only a 2 RhoA-specific GEF that links Ca 2+ signalling to RhoA 56 . However, it unlikely contributes to 3
RhoA activation during IAV infection, given that the protein tyrosine kinase Pyk2, a key 4 factor for PDZ-RhoGEF activation by Ca 2+ signalling downstream of G-protein coupled 5 receptor, has not previously been implicated in influenza virus infection. Further studies, 6 including a search for relevant GAPs, are therefore required to clarify the molecular linkage 7
between Ca 2+ and RhoA, the mechanism for spatiotemporally specific regulation of RhoA and 8 their contribution to subsequent virus infection. 9
The pathway of virus entry into cells, including that of IAVs, is one of the most studied 10 aspects of the viral life cycle 4, 59, 60 . Although considerable effort has been devoted to 11 identifying molecules involved in these pathways, simple inhibition of CME or CIE has 12 yielded only partial effects on infection [2] [3] [4] [5] 7, 23, 28 (see also Fig. 2a,d ) or displayed cell-type 13 specific inhibition 61 . Similarly, the contribution of GTPases, namely Rac1, to the regulation of 14 entry pathways could be varied across cell types or virus strains 23, 24 . In addition, in the 15 presence of serum, IAVs exploit macropinocytosis, a class of CIE, as a primary entry route 16 ( Supplementary Fig. S5f,g ) 23 . Hence, the bias between CME and CIE exists in a cell context-17 and condition-dependent manner and on inhibition of one of these redundant pathways, IAVs 18 tend to switch to the other pathway to achieve internalisation. We have now shown that 19 simultaneous inhibition of both CME and CIE (including macropinocytosis) resulted in 20 suppression of IAV infection effectively, suggesting that CME and CIE are the predominant 21 entry pathways for IAVs. Given that the signalling circuit identified in the present study 22 operates at a branch point of CME and CIE, our results may provide a basis for the 23 development of improved strategies for treatment or prevention of IAV infection. pCAGGS-myc-ROCK1-KD, respectively, were described previously 43, 62 . The coding 12 sequences for the EF-C1 domain of mouse CalDAG-GEFII and the RBD of human ROCK1 13 were amplified by PCR, followed by subcloning into the XhoI and NotI sites of the 14 pCAGGS-Flag-IRES-ExRed vector 63 . The vectors for GTPases, the EF-C1 domain of 15
CalDAG-GEFII and the RBD of ROCK1 were bicistronic, in order to allow monitoring of 16 expression on the basis of the fluorescence of the encoded ExRed. 17
Cells and transfection. MEFs deficient in PIP5K (PIP5Kα encoded by PIPKIα gene) were 18 prepared from 12.5 days post-coitum mouse embryos as described previously 39 . Briefly, 19 embryos were harvested, the brain and internal organs were removed and the carcasses were 20 Viruses. IAV strains PR8 and A/Aichi/2/68 (H3N2) were propagated in the chorioallantoic 1 cavity of 10-day-old embryonated chicken eggs for 48 h at 37°C. After high-speed 2 centrifugation, the purified viruses were resuspended in phosphate-buffered saline (PBS) and 3 stored at -80°C until use. Cells were infected with PR8 at an MOI of 1 PFU/cell at 37°C. The 4 amount of infectious virus in culture supernatants was determined with a plaque assay as 5 described previously 66, 67 . Briefly, confluent monolayers of MDCK cells in 12-well plates 6
were inoculated with the supernatants. After 1 hour of adsorption, the cell supernatants were 7 removed, and the cells were overlaid with MEM containing 1% Bact-agar and trypsin (5 8 mg/ml). Plaques were enumerated after incubation at 35°C and 5% CO 2 for 2 d. 9
Generation of VLPs. Generation of VLPs was conducted according to the previous 10 report 13, 14 . Briefly, 293T cells (1 × 10 6 cells) in a 6-cm-diameter dish were transfected with 11 expression vectors for PR8 HA, NA, M1 and M2 and at 6 h posttransfection, the medium was 12 replaced with OPTIMEM (Invitrogen). After 48 h, the culture medium was harvested, 13 subjected to centrifugation at 2,000 × g for 10 min in order to remove cell debris and then 14 used for analysis. Culture media obtained from cells transfected with empty vectors was used 15 as a negative control. 16
Immunoblot analysis and pull-down assay for small GTPases. Unless otherwise specified, 17 cells were lysed in RIPA buffer [50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% 18 Nonidet P-40, 0.1% SDS, 0.5% sodium deoxycholate (NaDOC), 1 mM Na 3 NaCl, 30 mM sodium pyrophosphate, 0.5% Nonidet P-40, 5 mM EDTA, 10% glycerol, 50 23 mM NaF, 1 mM Na 3 VO 4 , 1 mM phenylmethylsulfonyl fluoride (PMSF), 10 μg/ml aprotinin 24 and 10 μg/ml leupeptin, for 30 min on ice. The lysates were centrifuged at 20,000 × g for 10 25 min at 4°C, and the resulting supernatants were subjected to SDS-polyacrylamide gel 26 electrophoresis. The separated proteins were transferred to a polyvinylidene difluoride 27 membrane (Bio-Rad, Hercules, CA) and subjected to immunoblot analysis. Immune 28 complexes were detected with the use of ECL Western Blotting Detection Reagent (GE 1 Healthcare, Little Chalfont, UK) and an LAS-1000UVmini image analyser. 2
Detection of GTP-bound Ras and Rho family GTPases was performed essentially as 3 described previously 68, 69 , with slight modifications 63, 70 . FRET. An XF2034 dichroic mirror (Omega) was used throughout experiments. Cells were 26 illuminated with a 75W-xenon lamp through a 6% neutral-density (ND) filter. Exposure times 27 for 2 × 2 binning were 0.5 s and 30 ms for fluorescence images and differential interference 28 contrast (DIC) images, respectively. MetaMorph software (Universal Imaging, West Chester, 1 PA) was used for control of the CCD camera and filter wheels, as well as for analysis of cell 2 imaging data. FRET imaging and data analysis were performed essentially as described 3 Techno Glass, Tokyo, Japan) were incubated with AlexaFluor-conjugated dextran (500 μg/ml) 25 and transferrin (500 μg/ml) for 10 min at 37°C, respectively, followed by extensive 
